Stem cells play an important role in restoring cardiac function in the damaged heart. In order to mediate repair, stem cells need to replace injured tissue by differentiating into specialized cardiac cell lineages and/or manipulating the cell and molecular mechanisms governing repair. Despite early reports describing engraftment and successful regeneration of cardiac tissue in animal models of heart failure, these events appear to be infrequent and yield too few new cardiomyocytes to account for the degree of improved cardiac function observed. Instead, mounting evidence suggests that stem cell mediated repair takes place via the release of paracrine factors into the surrounding tissue that subsequently direct a number of restorative processes including myocardial protection, neovascularization, cardiac remodeling, and differentiation. The potential for diverse stem cell populations to moderate many of the same processes as well as key paracrine factors and molecular pathways involved in stem cell-mediated cardiac repair will be discussed in this review.
Introduction
Myocardial infarction (MI) is one of the major causes of cardiovascular mortality and morbidity, especially congestive heart failure [1] . Despite major advances in drug and interventional therapies, surgical procedures and organ transplantation, restoration and regeneration of the damaged myocardium remains a tremendous challenge. Stem cell therapy has generated significant interest and to date preclinical research has documented its therapeutic potential. Clinical studies, still in early stages, have reported that this therapeutic modality may lead to an overall improvement of cardiac function [2, 3] . The precise underlying mechanisms of stem cell action are still under debate. There is a growing body of evidence supporting the hypothesis that stem cells can enhance endogenous repair and regenerative processes through the release and actions of paracrine factors.
Numerous studies have demonstrated that stem cells contribute to tissue repair and regeneration by releasing important paracrine factors in a dynamic spatial-temporal manner that can lead to cell survival, angiogenesis, tissue repair and remodeling, as well as cellular regeneration [4] [5] [6] [7] . Moreover it has been postulated that the cross-talk facilitated by stem cells in the cardiac microenvironment includes both direct autocrine communication as well as paracrine-mediated signaling with surrounding cells.
Various types of adult stem cells that have demonstrated therapeutic potential with potential paracrine activities can be broadly categorized as bone marrow-derived, circulating, and resident to the heart [7] . Studies that have claimed the use of bone marrow derived stem cells have included a broad range of cells from purified mesenchymal stem cells (MSCs) and hematopoietic stem cells (HSCs), to bone marrow-derived mononuclear cells (BMMNCs), and unfractionated bone marrow cells (BMCs). Evidence supports the contribution of paracrine mediators to the actions of these cells [6] [7] [8] [9] [10] . The category of circulating stem/ progenitor cells is represented principally by endothelial progenitor cells (EPCs) that can be isolated from circulation and have been reported to restore blood flow to ischemic myocardium via paracrine mechanisms [11] . Resident cardiac progenitor/stem cells (CPCs) are believed to represent self-renewing populations of cells confined to specific niches within the heart that may be stimulated to proliferate and differentiate as a result of paracrine effects [12] . While embryonic stem cells (ESCs) continue to hold promise for regenerative research, their role in paracrinemediated cell therapy has not been extensively studied. Recent data suggest that multiple factors secreted by these cells may be important for their therapeutic effect [9, 10] . The recent discovery of induced pluripotent stem cells by Takahashi and Yamanaka circumvents ESC-related concerns [13] and holds much promise for cardiac regenerative medicine [14, 15] . Still, their contribution to paracrine-mediated stem cell therapy remains unknown at present.
The majority of studies relating to paracrine-mediated cardiac repair have utilized adult stem cells and therefore this review will primarily focus on the mediation of these cells in regulating the healing process in the heart via secretion of key regulatory molecules ( Figure  1 ).
Bone marrow mononuclear cells (BM-MNCs)
Bone marrow mononuclear cells (BM-MNCs) represent a crude mixture of self-renewing mononuclear cells isolated from gradient fractionation of bone marrow aspirates [16] . As such, they comprise a heterogeneous population of stem/progenitor cells (HSCs, MSCs and EPCs), stromal elements (bone specula, fat and fibroblasts), and mature blood cells [17] . BM-MNCs are the most utilized stem cell population for clinical trials concerning ischemic and chronic heart disease with currently over 100 open studies worldwide [18] . In culture, BM-MNC conditioned media has been shown to preserve the contractile potential of adult cardiomyocytes. Specifically, fractional shortening and Ca 2+ ratio amplitude of myocytes incubated with BM-MNC supernatants were better preserved than myocytes cultured in control medium [19] . Additionally, microvessel density and fractional shortening was improved in animals administered with BM-MNC supernatant [19] . In the latter case, systemic injection in addition to intramyocardial delivery of BM-MNC conditioned media was found necessary for an improvement of cardiac function.
BM-MNC delivery to ischemic tissue have been shown to significantly increase tissue levels of angiogenic ligands such as bFGF and VEGF and cardiac levels of interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) [20] . The authors concluded that the released factors likely contributed to angiogenic induction in BM-MNC treated animals. Interestingly, BMMNCs secrete significant amounts of IL-10 and it has been recently reported that the protective effects of BM-MNCs are at least partially mediated by this protein. Specifically, IL-10 depleted BM-MNCs failed to reduce infarct size, neutrophil accumulation, and neovascularization relative to wild-type counterparts. Instead, these cells appear to impact remodeling by interfering with T-cell recruitment, collagen deposition, and reactive hypertrophy [21] .
Mesenchymal Stem cells
Perhaps one of the most extensively investigated stem cell types for their paracrine-mediated effects are the mesenchymal stem cells (MSCs). MSCs are multipotent adult stromal stem cells that differentiate into a variety of tissues including muscle, cartilage, bone, skin, and fat. While traditionally isolated from the bone marrow, cells with MSC-like properties have also been isolated from other tissues including skeletal muscle [22] , peripheral blood [23] , adipose tissue [24] and lung [25] . While a major utility of MSC is focused on direct transdifferentiation to regenerate of bone and cartilage for skeletal therapies [26] , in the treatment of cardiovascular disease, MSCs have gained much recognition for their paracrine-mediated protective effects on stressed or injured myocardium [27] [28] [29] [30] . Additionally, MSCs have been reported to secrete factors that protect the heart from ischemia, activate neovascularization, improve contractility and bioenergetics, and attenuate fibrosis following myocardial injury.
a) Myocardial Protection
Experimental studies recapitulating the prosurvival effects of stem cell therapy via the administration of cell-free conditioned medium in both in vitro and in vivo platforms have established that mesenchymal stem cells can lead to increased cardiomyocyte survival via a paracrine mechanism. Gnecchi et al. have demonstrated that conditioned media from MSCs exposed to hypoxia was cytoprotective of isolated adult rat ventricular cardiomyocytes and significantly reduced infarct size in a rodent infarct model after MSC transplantation [31] . In particular, it was observed that conditioned media from MSCs overexpressing the Akt gene (Akt-MSCs) inhibited apoptosis of isolated cardiomyocytes exposed to hypoxia as demonstrated by a reduction of morphologic evidence of necrotic or apoptotic cell death and an attenuation of Caspase 3 release [31] . Follow up functional genomics studies to identify the key Akt-MSCreleased paracrine factors responsible for mediating protection of the injured myocardium revealed that Sfrp2, a member of the Wnt signaling pathway, is significantly upregulated in Akt-MSCs compared to control MSCs and its attenuation by siRNA silencing abrogated Akt-MSCmediated cytoprotective effects [32] . More recent studies conducted by members of our group indicate that a novel secreted protein, Hypoxic induced Akt regulated Stem cell Factor (HASF), that is upregulated in Akt-MSCs subjected to normoxia or hypoxia, may mediate survival effects in isolated hypoxic cardiomyocytes via PKC-ε signaling which in turn, may provide cardioprotection by blocking activation of mitochondrial death channels [33] .
Furthermore, Uemura and colleagues recently reported that preconditioning of MSCs enhanced their survival and ability to attenuate LV remodeling, which was attributable, in part, to paracrine effects [34] . Moreover, work conducted by Prockop et al. has shown that MSCs subjected to UV irradiation, secrete stanniocalcin-1 (STC-1), a peptide hormone that modulates mineral metabolism and is required for protection from UV-induced cell death. It would be of interest to test whether stanniocalcin-1 might play a similar role in cardioprotection by MSCs via paracrine mechanisms [35] . To date, accumulating evidence supports the hypothesis that the predominant mechanisms driving angiogenesis and arteriogenesis, post-MI, are orchestrated via the release of stemcell derived paracrine factors. MSCs in particular, secrete high levels of proangiogenic and proarteriogenic factors such as the angiopoietins, VEGF, bFGF, and HGF all of which have been implicated in MSC-mediated neovascularisation [37, 38] . Moreover, Markel and colleagues have shown that VEGF is a crucial mediator of MSC-mediated effects in the injured rat myocardium by demonstrating that its ablation negatively impacts stem cellmediated myocardial recovery following ischemia [39] . Additionally, MSC administration in rodent models of permanent occlusion leads to increased capillary density in several studies [38, 40] Interestingly, a recent study by Webber et al. utilized a novel heparin-presenting injectable nanofiber network in order to bind and deliver factors released from hypoxic conditioned MSC media to the heart following coronary ligation [44] . Conditioned media-loaded heparin-binding peptide amphiphile (HBPA) nanofibers injected into the left ventricle following ischemic injury improved contractility significantly compared to untreated controls. Interestingly these effects on contractility were primarily observed when HBPA was loaded with proteins <30kDa. Initial attempts to extract crucial paracrine factors showed that recombinant VEGF-and bFGF-loaded nanofiber networks were able to recapitulate the media effects. Similar experiments in a hind limb ischemia model showed that revascularization could partially account for the improved functionality [44] .
c) Metabolism
The influence of stem cell therapy on the metabolic fate of infarcted hearts is an area of investigation that has received relatively little attention. In the healthy non-ischemic heart, almost all ATP produced is as a result of oxidative phosphorylation in the mitochondria. The acetyl-coA necessary to fuel the citric acid cycle is primarily generated via the β-oxidation of fatty acids with the remaining sources being from the oxidation of pyruvate (from both glycolysis and lactate oxidation) [6, 45] . Heart failure is characterized by a change in substrate preference from fatty acid oxidation to increased glucose uptake and a subsequent shift from net lactate consumption to production [45] . Additionally, the infarct border zone is characterized by abnormal bioenergetics including a high-energy phosphate content and phosphocreatine-to-ATP ratio and is believed to correspond to the severity of left ventricular contractile dysfunction [46] .
A study conducted by our group demonstrated that the infusion of Akt-MSCs prevented cardiac metabolic remodeling following myocardial infarction. This was determined by measurement of phosphocreatine levels, rate of glucose uptake, and cytosolic pH all of which appeared better preserved in Akt-MSC-treated hearts when compared to unmodified MSC-treated and untreated controls as early as 72 hours following cardiac insult [47] . Since the results obtained from infusion with unmodified MSCs were similar to untreated controls, the overexpression of Akt appears to be regulating the normalized energetics observed in the surviving myocardium of Akt-MSC-treated animals. Additionally, these results corroborate earlier reports by Lim et al. 
d) Contractility
The impact of MSC administration on cell contractility due to paracrine mechanisms has also been observed by our group and others [31, 50] . This may due to the consequence of cardiomyocyte protection and/or direct release of inotropic factors. Mesenchymal transplantation of autologous bone marrow stem cells in a non-ischemic (doxorubicininduced) model of heart failure by Dhein et al. led to an improvement in long-term cardiac hemodynamic function [50] . This was assessed by measurement of β-adrenoceptor density and contractility 28 days following cardiac insult. Rabbit hearts injected intramyocardially with MSCs exhibited an attenuation in the downregulation of adrenoceptor density and a significant increase in contractility. The β-adrenoceptor density downregulation was especially marked in the septum and left ventricle compared to sham-operated counterparts. The authors speculated that the improved hemodynamics lead to a decrease in catecholamine levels and a subsequent attenuation in β-adrenoceptor downregulation. While the mechanisms underlying these observations is yet unknown, the possibility that MSCs may be mediating these effects via the release of paracrine factors is supported by the work conducted in this study and by others. In fact, the possibility that MSCs transdifferentiate was excluded by the same group in a recent report showingthat transplanted MSCs fail to express cardiac markers one month following transplantation [51] .
e) Remodeling
Paracrine factors released by transplanted stem cells may alter the extracellular matrix and favorably influence post-infarction remodeling of the heart chambers. It has been shown in animal models that MSC transplantation decreases fibrosis in the heart and other organs including lung [52], liver [53] and kidney [54] . Specifically, direct injection of hMSCs into ischemic rat myocardium decreased fibrosis, apoptosis and left ventricular dilatation while increasing myocardial thickness; this resulted in the prevention of systolic and diastolic cardiac dysfunction without evidence of myocardial regeneration [55] . Additionally, MSC transplantation significantly attenuated the increase in cardiac expression of collagen types I and III, tissue inhibitor of metalloproteinase-1 (TIMP1) [56] , and tumor growth factor beta (TGF-â) in infarcted myocardium [57] . Since MSCs express a number of molecules involved in the biogenesis of extracellular matrix such as adrenomedullin, thymosin-β, thymocollagenase, metalloproteinases (MMPs), serine proteases and their inhibitors, it has been suggested that transplanted MSCs can inhibit fibrosis through paracrine actions [58] . Likewise, transplantation of MSCs led to decreased fibrosis in a rat model of dilated cardiomyopathy via the decrease in MMP-2 and MMP-9 protein expression [59] . Similar results by Ohnishi et al., have led to the postulation that MSCs exhibit paracrine-mediated antifibrotic effects [60] . Collectively, these studies suggest that MSCs may have a direct effect on extracellular matrix remodeling via secretion of extracellular matrix modulating proteins.
When injected into injured tissue, stem cells may also attenuate local inflammation by releasing signaling molecules within the immediate microenvironment. MSCs transplanted into ischemic tissue led to decreased expression of the pro-inflammatory cytokines TNF-α, IL-1α and IL-6, which are known to regulate left ventricular remodeling [56] . Likewise, MSC transplantation into a rat model of acute myocarditis attenuated the increase in CD68 + inflammatory cells and myocardial monocyte chemoattractant protein-1 (MCP-1) expression [61] . Furthermore, isolated adult rat cardiomyocytes (ARVCs) cultured in the presence of MSC conditioned media were more resistant to MCP-1-induced injury. T lymphocytes from post-infarcted mice cocultured with cardiac fibroblasts also led to an increase in procollagen expression [62] , suggesting that the in vivo suppression of T lymphocyte accumulation and/or function may also inhibit fibrosis.
In addition Tang et al. have recently shown that engineering of MSCs to overexpress SDF1 affected their capabilities in regulating cardiac remodeling after injury [ 63 ]. Specifically, SDF-MSC-treated hearts showed higher levels of antifibrotic factor HGF expression and significant reduction of the expression of collagens I and III and matrix metalloproteinase 2 and 9. f) Cardiac differentiation
Despite evidence suggesting that MSC capacity to undergo cardiac differentiation is limited, recent evidence suggests that MSCs might contribute to cardiac regeneration by indirectly affecting cardiac progenitor stem cell proliferation and differentiation. Of note, the Nagaya group has shown that MSC conditioned medium protected CPCs from hypoxia-induced apoptosis and enhanced their proliferative capacity [60] . Interestingly, they were also able to detect enhanced gene expression of cardiac myocyte markers in CPCs treated with MSCderived supernatants. In addition, it was recently shown that selection of MSCs based on STRO-1 expression yields a population with higher clonogenic, multipotent and proliferative capacity [ 64 ] . The conditioned medium from this selected cell population also showed enhanced capability in inducing cardiac cell proliferation and migration and endothelial cell migration and tube formation [ 64 ] .
While no specific paracrine mediators for CPC activation have been reported as yet, it can be postulated that MSCs secrete molecules influencing cardiac differentiation. It has been reported that MSCs express BMPs, Wnt pathway modulators and FGF [65, 66] , all of which represent key regulators of cardiac cells differentiation and commitment, suggesting that cardiac expansion may be directed by paracrine mechanisms. However, whether these molecules contribute to the paracrine regenerative capacity of MSCs by activation of resident cardiac progenitors remains to be investigated.
Endothelial progenitor cells (EPCs)
EPCs are thought to be primarily bone marrow-derived and following ischemia, home to sites of injury to restore the endothelial lining of damaged blood vessels. The balance between endothelial dysfunction and recovery may be predictive of certain cardiovascular risk factors [67] . Since mature endothelial cells (ECs) have limited regenerative potential, the possibility that circulating EPCs may mediate endothelial regeneration has generated much interest in terms of their therapeutic potential. Recent evidence reveals a role for EPC derived paracrine mechanisms in the prevention of oxidative stress-induced apoptosis of EPCs and mature differentiated ECs [68] . Specifically, EPC conditioned media significantly reduced levels of intracellular oxidative stress and reduced apoptosis in hydrogen peroxidetreated human umbilical vein endothelial cells (HUVECs). Interestingly, the neutralization of VEGF, HGF, IL-8 and MMP-9 did not attenuate the cytoprotective effects of EPC conditioned media suggesting that these cells may exert their influence via alternative mechanisms likely relating to intracellular antioxidant pathways [68] . Paracrine mechanisms have also been shown to account for EPC-mediated angiogenic effects. In particular, VEGF and stromal derived factor 1 (SDF-1) released by EPC into conditioned media promote the migration of mature ECs and the formation of capillaries via differentiation-independent mechanisms [69] . This was further validated by a recent report by Di Santo et al. demonstrating that delivery of EPC conditioned media to ischemic tissue could confer similar angiogenic effects [70] . The release of cardiotrophic factors by EPCs has also been implicated in the regulation of cardiac remodelling post-MI [71] . Intracoronary injection of conditioned media from EPCs in a porcine model of MI resulted in increased cardiomyocyte size. In vitro experiments demonstrated that the conditioned media from EPCs increased cell mass of cultured cardiomyocytes and that these effects were partly mediated by TGF-β1 [71] . Furthermore, EPCs also release a variety of proinflammatory cytokines such as tissue factor 1 and MCP-1. A better understanding of the paracrine profile of EPCs should provide insights into the full biologic and therapeutic potentials [72, 73] .
Resident cardiac progenitor cells
The recent discovery of endogenous or resident cardiac progenitor cells (CPCs) has generated much interest regarding their identity(s) and proliferative/differentiation potentials. Emerging evidence suggests that resident CPCs can function in a paracrine manner [74, 75] . Conditioned media from human cardiosphere and cardiosphere derived cells (CDCs) have been shown to enhance the survival of cardiomyocyte to hypoxia as well as induce Matrigel tube formation of ECs [76] . VEGF and HGF were found to be two secreted factors responsible for these effects. In addition, injection of CDCs into infarcted myocardium increased expression of Akt, decreased Caspase 3 activity and apoptosis, and increased capillary density. While direct differentiation of CDCs accounted for a small portion of the new capillaries and cardiomyocytes, human CDCs enhanced the number of cKit+ and Nkx2.5+ cells in the infarct border zone, suggesting activation of endogenous cardiac progenitors [76] . [77] . These initial studies warrant further investigation to determine how paracrine or autocrine signals from resident CPCs affect the myocardial repair post-MI.
Likewise, intracoronary administration of cKit+ CPCs into rat hearts following acute ischemia not only reduced infarct size and fibrosis through differentiation into cardiomyocytes and vascular cells, but also induced proliferation of resident cKit+ CPCs in the infarct zone presumably through a paracrine mechanism

Embryonic stem cells
Of all stem cells populations, embryonic stem cells (ESCs) possess the most regenerative potential and as such remain an attractive prospect for cardiac cell therapy. ESCs have the propensity to spontaneously differentiate in vitro into cardiomyocytes. Presumably this ability is controlled by spatial and temporal coordination of surface and secreted differentiation factors produced by adjacent cells or through autocrine mechanisms. A number of these secreted factors have been identified and utilized to induce cardiogenesis of ESCs [78] . In addition, proteomic analysis of hESC conditioned media yielded cytokines and growth factors involved in cardiac remodeling and proliferation of neonatal cardiomyocytes, including thrombospondin, TGF-β, MMP-2/-9, TIMP-1/-2/-9, HGF, NGF, and ErbB2 [10] . In an ischemic-reperfusion model of cardiac injury, Crisostomo et al. observed that pre-ischemic infusion of ESCs conferred significantly greater improvement of cardiac function post-MI compared with saline or MSC controls. Interestingly, ESCconditioned media alone while being cytoprotective did not provide significant improvement of myocardial function in the same injury model [9] . The authors of this study surmise that in the case of ESC-mediated effects on injured cardiac tissue, other stem cell protective mechanisms may be responsible for cardioprotection in addition to paracrine mechanisms. In addition to ESCs, embryonic-derived endothelial progenitor cells (eEPCs) have been shown to exhibit cytoprotective effects on both cardiomyocytes and endothelial cells exposed to hypoxia and reoxygenation by the secretion of thymosin-β4 [79] , an activator of the PI3K/Akt pathway [80] .
Autocrine mechanisms in stem cell maintenance
It has been postulated that the cross-talk facilitated by stem cells in the cardiac microenvironment includes both direct autocrine communication as well as paracrinemediated signaling with surrounding cells [6] . In other words, the biology of stem cells within their niche is dynamic, and likely governed by the spatial and temporal release of factors from themselves at any given time. Autocrine/paracrine feedback is believed to trigger CPC activation in response to stress. Secreted growth factors such as IGF-1, HGF, and SDF-1 generated by stress-induced cardiomyocytes have been shown to bind to receptors on CPCs consequently activating production of these ligands on CPCs themselves [81] . Activation of resident CPCs in response to environmental stimuli promotes the proliferation and differentiation of these cells and is sustained even after its initial catalyst has dissipated [81] . Survival and self-renewal in a variety of stem cell lineages appear to be mediated by autocrine mechanisms. For example, the maintenance, differentiation and expansion of hematopoietic stem cells has been attributed in part to VEGF [82] and likewise, FGF is speculated to maintain MSC self-renewal [83] . We have recently demonstrated that silencing Sfrp2 in a pluripotent mouse cell line leads to activation of Wnt signaling in an autocrine manner [84] . Similarly, MSCs overexpressing Sfrp2 exhibit an enhanced regenerative capacity and appear to modulate their own propagation via downregulation of key Wnt targets [85] . Additionally, cardiac differentiation in embryonic stem cells has been reported to be modulated by intracrine signaling such as the effects of certain growth regulatory peptides on transcriptional responses of the same cells [86] .
FUTURE DIRECTIONS AND CHALLENGES
Identification of Paracrine Factors
The evidence for stem cell-derived paracrine factors mediating cardiac repair represents an important step forward in our understanding of stem cell biology. Identifying which factors mediate these effects, the molecular pathways involved and the relevant temporal and spatial expression patterns will strengthen our knowledge of how adult stem cells affect the complex processes of cardiac protection, neovascularization, remodeling, metabolism and regeneration (Figure 2 ).
Multiple groups have identified a plethora of potential cytoprotective molecules by differential expression microarray analysis [32, 69] . Likewise, proteome and secretome profiling has emerged as a viable option for analysis of paracrine factors. However, the analysis of secreted proteins using proteomic techniques is currently hampered by sample preparation. Proteins are usually secreted at low concentrations in culture media subsequently requiring selective precipitation or ultrafiltration for analysis. In addition, culture media components, such as salts and serum proteins, interfere with most proteomics techniques. Despite these limitations, several groups have successfully used proteomics to identify important paracrine factors [74, 87, 88] . Comparative proteomics of rat neonatal cardiomyocytes versus CPCs identified 33 secreted proteins, including known cardioprotective factors adrenomedulin, connective tissue growth factor, and IL-1 receptorlike 1 (ST2) [74] . Likewise, identifying biologically active protein fragments and nonpolypeptide metabolites, including phospholipids [89] , fatty acid chains, inotropic compounds, antioxidants and hormones, released by adult progenitor cells in response to hypoxia may aid in cardiac repair and remodeling. Genetic and metabolic profiling approaches have been successful in identifying coronary artery disease signatures at a submicromolar level using serum samples [90] . Methods such as these can be utilized for further identification of paracrine mediators secreted at lower concentrations. A recent report by Chen et al. claims that hESC-derived MSCs are capable of secreting microparticles enriched in pre-microRNAs [91] . Interestingly, these vesicles were readily taken up by H9C2 cardiomyoblasts implying that MSCs may utilize pre-microRNAs to facilitate signaling with neighboring cells. MicroRNA profiling using microarray analyses is rapidly yielding distinct microRNA expression signatures for different experimental models of cardiac disease [92] . It would be tempting to speculate that stem cells could potentially be used to deliver microRNAs in addition to protein factors for cardiac cell repair therapy.
Ex vivo Enhancement of Stem Cell Paracrine Effect
Knowledge of how paracrine mediators of adult stem cells mediate their cardioprotective and regenerative effects can provide insight into ways of modifying the cells ex vivo to enhance their function, viability and retention in target tissue [93] . Multiple genetic engineering strategies have been applied to stem cells to increase their cell viability and enhance the production of secreted factors capable of cardioprotection both in vitro and in vivo, including Akt [8] , SFRP2 [85] , Bcl-2 [94] , Hsp-20 [95] and hypoxia regulated heme oxygenase-1 [96] . In each case, engineered MSCs were shown to survive better in ischemic tissues and to exert more powerful cytoprotection and/or pro-neovascularization effects compared with control MSCs. Moreover, MSCs have been used as a vehicle for gene therapy to deliver secreted gene products such as VEGF [97] , HGF [98] , bFGF [99] , adrenomedullin [100] , and SDF-1 [63, 101] , allowing the cells to exert more powerful paracrine or autocrine actions leading to improved viability in the hypoxic environment [37] ; [102] . Since the expression of some receptors specific for chemokines upregulated in infarcted myocardium is poor in stem cells such as MSCs, our group hypothesized that genetic overexpression of such receptors in these cells would improve viability and engraftment. Recently, our group demonstrated that indeed, ectopic expression of the chemokine receptor CCR1 increased MSC survival, engraftment and migration in the infarcted territory [103] . Similarly, increasing expression of CXCR4 on MSCs had been shown to augment their attachment and migration into the infarcted zone following intravenous administration [104] . Both studies signify the power of chemokine receptor expression modification for enhanced mobility of adult stem cells to the site of injury. Additionally, combinatorial approaches by transducing MSCs with both Akt and Angiopoietin-1 together enhanced long-term engraftment and maintenance of these cells beyond the acute phase of MI [105] . Furthermore, cardiac overexpression of the serine/ threonine kinase Pim-1 led to increased proliferative activity of both cardiomyocytes and CPCs. Specifically, following infarction, Pim-1 activated CPC cycling via asymmetric cell division suggesting that it may represent a valuable target for generating differentiated cardiac cells in response to injury, while maintaining CPC reserves in the heart [106] . In addition to modifications to MSC and CPCs, Pitx2c overexpressing ESCs have been shown to not only have enhanced capacity towards cardiomyocyte differentiation, but also secrete heparin-binding paracrine factors that restore cardiac function after MI [107] .
An alternative approach to improve paracrine effects is represented by cell preconditioning. Preconditioning of MSCs in hypoxia prior to their transplantation has been shown to improve cell survival and stimulate paracrine mechanisms for heart repair [34] . More recently it was also shown that hypoxic preconditioning of bone marrow-derived mesenchymal stem cells (MSCs) with two cycles of 30-min hypoxia/reoxygenation significantly enhanced their survival in the ischemic environment of the infarcted heart. Interestingly it was concluded that these effects were mediated by regulation of mir-210 and inhibition of Caspase 8 expression [108] . In addition, growth factors or other molecules have been used for preconditioning with successful results demonstrating that these strategies enhance cell survival and differentiation and stimulate the release of soluble factors [109] . For instance, hyaluronan-mixed esters of butyric and retinoic acid (HBR) elicit a remarkable increase in the transcription of cardiac lineage-promoting genes and cardiac differentiation in ESCs and MSCs [110] . Transplantation of MSCs preconditioned ex vivo with HBR into infarcted rat myocardium led to complete normalization of myocardial performance and to a dramatic reduction in scar formation via regeneration and paracrine mechanisms. Likewise, preconditioning MSCs with SDF-1 [111] , TGF-α [112] or TGF-β [113] led to decreased fibrosis after MI. Together these lines of data suggest that ex vivo modification is a promising way to enhance the therapeutic potential of stem cells.
Potential Challenges to Paracrine Factor Therapy
The demonstration that stem cells secrete therapeutic factors represents a potential breakthrough. Characterization of those paracrine mediators may lead to the possibility of replacing stem cell-based therapy with soluble factor-based therapy; an easier approach clinically. However, limitations for the clinical translation of the current findings still exist ( Table 1) .
One of the biggest challenges is designing a therapeutic regimen based on the intricate interaction of paracrine factors during the acute and chronic phases of cardiac disease. This is complicated by the likely scenario that there is no single paracrine mediator but rather a complex of proteins involved in mediating stem cells effects. Indeed, recent proteomic data suggests that only the fraction of conditioned media from human MSCs containing products >1000 kDa (100-220 nm) provided cardioprotection in a mouse model of ischemia and reperfusion injury. This observation suggests that the critical paracrine factors mediating these effects are likely part of a complex of molecules [114] . The complex interaction between multiple factors may work synergistically to enhance the reparative potential of conditioned media versus single factor therapy.
Many of the proteins induce distinct actions at different concentrations and at specific phases of repair post MI. In particular, members of the TGF superfamily members have pleiotrophic effects; activating opposing and diverse cell responses in a concentrationdependent manner [115] . Likewise, the timing of MMP and TIMP expression plays a significant role in the outcomes of cardiac fibrosis and remodeling [116] . Substantial differences between animal models and humans further complicate the scenario. For example, it has been shown that a single dose of specific growth factors is effective in enhancing neovascularization in animals but not in humans [117] . A more thorough understanding of temporal and spatial interaction between paracrine factors and their roles in distinct phases of the disease is needed.
Before any therapeutic biologic can be applied for widespread clinical use, commercial pharmacokinetics/pharmacodynamic consideration must be taken into account. Large scale production and isolation of these factors for therapy is hampered by commercial costs associated with animal component-free cell systems. Protein stability, specificity, route of delivery, and immunogenicity in vivo need to be addressed. For example, oral administration is constrained by limitations on absorption, stability and transit time within the GI track. Likewise, intravenous injection of proteins is encumbered by serum proteases which rapidly degrade factors. Currently, a variety of modification have been developed to increase administered proteins uptake, bioavailability, and solubility [118] . Biopolymers [119] and nanofibers [120] are promising tools for delivery platforms based on subcutaneous implantable devices or endovascular stents. Together, protein modification and delivery tools, while still in the development phase, represent great promise for protein therapy in the future.
The use of a single or a cocktail of proteins remains a more attractive clinical option than delivery of isolated adult stem cells. Nevertheless, biologic/protein therapy is still hindered by our lack of knowledge of this tightly controlled, complex mechanism in cardiac repair and regeneration. Continual advancements in protein and peptide therapeutics such as improved methods for large scale production, chemical modifications that enhance stability and more efficient delivery methods will facilitate the development of protein therapy for cardiac repair and regeneration.
Conclusion
It is evident that the improvement in cardiac function following stem cell therapy can be attributed mainly to the release of key paracrine factors by stem cells in the injured myocardial microenvironment. A growing body of evidence strongly suggests that these secreted molecules mediate a number of protective mechanisms including cell survival, neovascularization, remodeling, and proliferation. The regulatory machinery governing paracrine factor release appears to be complex and dependent on spatiotemporal parameters. Advances in profiling technologies continue to identify significant secreted factors that mediate cardiac repair mechanisms. The potential for magnifying stem cell-mediated paracrine effects using "engineered", "conditioned" or other ex vivo manipulated stem cells will significantly propel this type of therapy forward and provide invaluable information regarding stem cell biology. Summary of stem cell-secreted paracrine factors. The proposed cardiac repair mechanisms these factor modulate include cell survival, neovascularization, remodeling, differentiation, contractility, and regeneration. Autocrine/Paracrine mechanisms in cardiac repair. In response to environmental stimuli, stem cells release soluble factors that dynamically alter the myocardial microenvironment. These biologically active molecules exert effects on a variety of different cardiac cell types including the originating stem cells themselves. Paracrine actions of these factors lead to tissue protection, repair and regeneration while stem cell self-renewal and expansion is also regulated via autocrine feedback. Table 1 Potential challeges and resolutions to paracrine factor identification, production, and therapy. 
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